Introduction
The group dispersion, that is, the wavelength dependence of the group refractive index, belongs to one of the fundamental dispersion characteristics of both isotropic and anisotropic optical materials. White-light interferometry based on the use of a white-light source in combination with a standard Michelson or Mach-Zehnder interferometer, is considered as one of the best tools to measure the group dispersion for different optical materials over a broad spectral range.
White-light interferometry usually utilizes either of two methods, that is, a temporal method or a spectral method, depending on whether interference is observed in the time domain or in the spectral domain, respectively. The temporal method involves measurement of the time of flight of optical pulses through a sample. A method for measuring the group delay introduced by an optical material consists in placing the sample in one arm of the interferometer and evaluating the temporal shift of the peak of the cross-correlation interferogram. As the central wavelength is varied, the relative group delay of the different frequency components is observed directly [1] . Alternatively, the spectral phase over the full bandwidth of the white-light source can be obtained in a single measurement by a Fourier transform of the cross-correlation interferogram [2, 3] . The dispersion characteristics of the sample under study can be obtained by simply differentiating the measured spectral phase.
The spectral method is based on the observation of channelled spectrum [4] [5] [6] and involves measurement of the period of the spectral fringes in the vicinity of a stationary-phase point [4, 7] that appears in the recorded spectral interferogram when the group optical path difference (OPD) between two beams in the interferometer is close to zero. The main limitation of the method is reached for thick or strongly dispersive materials because under such conditions the spectral interference fringes that are far from the stationary-phase point become difficult to resolve. Fortunately, the measurement of the group refractive index dispersion of a given material is still possible in the vicinity of the stationary-phase point if one moves it in successive steps to different wavelengths [8] and repeats the measurement. The modification of the technique with a tandem configuration of a Michelson interferometer and a calcite crystal of known thickness has been used in measurement of the group birefringence dispersion [9] .
In this paper, a simple white-light spectral interferometric technique employing a low-resolution spectrometer is used for a direct measurement of the group dispersion of optical components over a wide wavelength range. An unbalanced Mach-Zehnder interferometer with a component under test inserted in one arm and the other arm with adjustable path length is used and a series of spectral interferograms is recorded to measure the equalization wavelength as a function of the path length difference. We measured by the technique the group refractive index as a function of wavelength for a quartz crystal of known thickness. Also the relative group refractive index dispersion for opti-cal fiber was measured. In this case we used a microscope objective in front and a lens behind the fiber and subtracted their group dispersion, which was measured by a technique of tandem interferometry employing also a Michelson interferometer.
Experimental method
Let us consider a sample under test of the thickness d and the refractive index n(l) inserted into the first (test) arm of an unbalanced Mach-Zehnder interferometer as shown in Fig. 1 . If the other arm is with the adjustable path length L in the air, the group OPD D MZ g ( ) l between the beams in the interferometer is given by
where l is the path length in the air in the test arm prior to inserting the sample in the interferometer and
is the group refractive index. When the case of thick or strongly dispersive materials is considered, the spectral interference fringes recorded in the setup have the largest period in the vicinity of a stationary-phase point for which the group OPD is zero at one specific wavelength l 0 , the so-called equalization wavelength [8] , satisfying the relation
for the path length L L = ( ) l 0 for which the equalization wavelength l 0 is resolved in the recorded spectrum, the relation
If we introduce the path length difference
is the path length for the balanced interferometer (without the sample and with the zero OPD), we obtain the simple relation
enabling to measure directly the group refractive index N( ) l 0 as a function of the equalization wavelength l 0 for a sample of the known thickness d. If one of the equalization wavelengths is chosen as the reference one l 0r , we can measure the relative or differential group refractive index
We can estimate the minimum and maximum thicknesses of the sample whose group dispersion can be measured by the method. If the measurement is restricted to the wavelength range from l 0 min to l 0 max and we assume normal dispersion and no limitation due to the resolving power of the spectrometer, the minimum and maximum thicknesses, d min and d max , are given by the minimum and maximum path length differences, DL min and DL max , adjustable in the interferometer
The group dispersion of samples with the thicknesses below d min can be measured by a method of tandem interferometry based on the fact that the group OPD in the interferometer with the sample is compensated by the OPD adjusted in the other interferometer such as a Michelson one.
Experimental setup
The experimental setup used in the application of spectral-domain white-light interferometry to measure the group dispersion of a sample under test is shown in Fig. 1 . It consists of a white-light source: a quartz-tungsten-halogen lamp (HL-2000HP, Ocean Optics, Inc.) with launching optics, optical fiber of cutoff wavelength as short as possible, a collimating lens, a bulk-optic Mach-Zehnder interferometer with plate beam splitters (BSW07, Thorlabs), a In second arrangement, the sample under test is replaced by a combination of components shown schematically in Fig. 2(a) . They are represented by a microscope objective (10´/0.30, Meopta), a fused-silica holey fiber (PM-1550-01, Thorlabs) of the length z = (50650 ±10) µm, and an achromatic lens (74-ACR, Ocean Optics, Inc.). In the last arrangement, we used a combination of two components not including the fiber as shown schematically in Fig. 2(b) .
Experimental results and discussion
First, we determined the virtual (not adjustable) path length L 0 corresponding to the balanced Mach-Zehnder interferometer. We used a method of tandem interferometry and placed a Michelson interferometer in between the source and the unbalanced Mach-Zehnder interferometer with the adjusted path length L. We used the fact that the spectral interference fringes are observable for the zero OPD in the Michelson interferometer and for such an OPD which is the same as the OPD adjusted in the unbalanced MachZehnder interferometer. The OPD is equal to the path length difference DL L L = -0 , which was determined in this way with a precision better then 1 µm. Then we measured the group dispersion of a quartz crystal, parameters of which are presented above, in the setup shown in Fig. 1 . The main advantage of the setup is in fiber connection of a light source (that can be varied) with the interferometer. Using a laser diode instead of the halogen lamp, we checked precise placement of the crystal sample in the test arm by observing the interference fringes.
The group dispersion of the quartz crystal was measured by adjusting such a path length to resolve spectral interference fringes. Figure 3 shows an example of the spectral signal recorded for the path length difference DL = 23000 µm. In the spectral signal it is clearly seen the effect of the limiting resolving power of the spectrometer on the visibility of the spectral interference fringes identified only in the vicinity of the equalization wavelength l 0 = 648.23 nm. The equalization wavelength was determined by an autoconvolution method [10] with an error of 0.32 nm corresponding to the wavelength difference for adjacent pixels.
We measured in this way the dependence of the adjusted path length difference on the equalization wavelength. We displaced the stage with mirrors 3 and 4 manually by using the micropositioner with a constant step of 10 µm and performed recording of the corresponding spectral signals. The recorded spectral signals revealed that the equalization wavelength l 0 can be resolved in the spectral range from 490 to 899 nm and that the path length difference DL varies from 23820 to 22540 µm. Knowledge of the measured dependence and the sample thickness d enabled us to evaluate directly the group refractive index N(l 0 ) of the quartz crystal as a function of the equalization wavelength l 0 . The function is represented in Fig. 4 by the dots and it is shown together with the theoretical function resulting from the dispersion relation proposed by Ghosh [11] . We can estimate a precision of the group refractive index measurements [12] . If the path length difference DL adjusted in the interferometer is known with a precision of 1 µm and the thickness of the crystal d is known with a precision of 10 µm, the group refractive index N is obtained with a precision of 1´10 -4 .
Then, we measured the group dispersion of the holey fiber in the setup shown in Fig. 1 in which the sample under test was replaced by components shown in Fig. 2(a) 
2(b).
In the first step we measured the group dispersion of components schematically shown in Fig. 2(b) . Using the laser diode instead of the halogen lamp, we checked by observing the interference fringes that the components were placed precisely in the test arm. It should be noted here that the alignment of the components is much simpler in the interferometer with a single pass of light through the test arm than in a Michelson interferometer with two passes. Figure  5 shows an example of the spectral signal recorded for the path length difference DL = 7182 µm with the equalization wavelength l 0 = 601.35 nm. In this case the method of tandem interferometry was used because the path length difference DL corresponding to the components is smaller than the minimum path length difference DL min adjusted in the Mach-Zehnder interferometer. Figure 6 then shows by the dots the path length difference DL min ( ) l 0 as a function of the equalization wavelength l 0 measured with a constant step of 20 µm. Solid line is the polynomial fit.
Finally, Fig. 7 shows an example of the spectral signal recorded for the components shown in Fig. 2(a) for the path length difference D ¢ = L 31092 µm to which the equalization wavelength l 0 = 656.07 nm corresponds. Subtracting the path length difference corresponding to two components shown in Fig. 2(b) we obtain DL = 24004 µm for the fiber alone. We revealed that the equalization wavelength 
Conclusions
We used a simple white-light spectral interferometric technique for measuring the group dispersion of optical components over a wide wavelength range. The technique utilizes an unbalanced Mach-Zehnder interferometer with a component under test inserted in one arm and the other arm with adjustable path length. We recorded a series of spectral interferograms to measure the equalization wavelength as a function of the path length difference. We measured the group refractive index as a function of wavelength for a quartz crystal of known thickness. We measured also the relative group refractive index dispersion for optical fiber. In this case we used a microscope objective in front and a lens behind the fiber and subtracted their group dispersion, which was measured by a technique of tandem interferometry employing also a Michelson interferometer. The technique is applicable to any dispersive component with arbitrarily high dispersion or thickness, provided that the spectral interference fringes are resolved.
